Introduction {#s1}
============

Salinity affects more than 80 million hectares of arable land worldwide, with an estimated annual cost in lost crop production ranging between US\$11 and \$27 billion ([@CIT0036]; [@CIT0020]; [@CIT0042]). Improving salt tolerance in major cultivated crops is of paramount importance to global food security in the 21st century, but the process is significantly handicapped by the complexity of salinity tolerance mechanisms ([@CIT0008]).

To date, most experimental work on salinity tolerance has focused on shoot Na^+^ exclusion ([@CIT0033]; [@CIT0019]; [@CIT0037]). However, there is increasing evidence that this is not the sole mechanism for salinity tolerance ([@CIT0044]; [@CIT0035]; [@CIT0071]). Some species or genotypes can maintain a relatively high Na^+^ concentration in their shoots without major negative impacts on growth and yield. This strategy, termed a tissue-tolerance mechanism ([@CIT0035]), is observed in both halophytes ([@CIT0062]; [@CIT0001]) and glycophytes (e.g. *Triticum aestivum*, [@CIT0015]; *T. monococcum*, [@CIT0044]; lettuce, [@CIT0005]; tomato, [@CIT0014]; [@CIT0071]; rice, [@CIT0041]).

Tissue tolerance is a complex physiological trait composed of multiple 'sub-traits' ([@CIT0035]), which include Na^+^ compartmentalization ([@CIT0021]), K^+^ retention ([@CIT0066]; [@CIT0040]), and osmotic tolerance ([@CIT0035]).

For Na^+^ compartmentalization, Na^+^ is partitioned either within specialized cells (e.g. leaf epidermis and epidermal balder cells, [@CIT0051]), or is sequestered in the vacuoles in the leaf mesophyll, so that the cytosolic Na^+^ levels in the functional cells are kept low ([@CIT0055]; [@CIT0034]). In the latter process, the subcellular Na^+^ compartmentalization is achieved by Na^+^/H^+^ antiporters (NHX) ([@CIT0006]; [@CIT0007]). Intracellular NHX proteins are also involved in K^+^ homeostasis; for example, NHX1 and NHX2 are essential for active K^+^ transport into the vacuole ([@CIT0004]).

Another aspect of tissue tolerance is K^+^ retention. Enhanced K^+^ retention and the ability of a cell to maintain cytosolic K^+^ homeostasis correlate with salinity tolerance in a broad range of plant species ([@CIT0070]; [@CIT0066]; [@CIT0009]; [@CIT0040]; [@CIT0046]; [@CIT0050]) and are essential for preventing salinity-induced programmed cell death ([@CIT0049]; [@CIT0012]). High cytosolic K^+^ levels are also essential to maintain high vacuolar H^+^-PPase activity, thus enabling the operation of tonoplast NHX proteins that mediate vacuolar Na^+^ sequestration ([@CIT0048]). K^+^ is also the major inorganic osmolyte for tissue osmotic adjustment under stress conditions ([@CIT0054]).

The third component of the tissue-tolerance mechanism is an osmotic tolerance ([@CIT0035]; [@CIT0003]). In plants possessing tissue tolerance, accumulated Na^+^ can be used as a low-energy-cost osmolyte for the adjustment of cell turgor and ultimately of tissue growth under salt stress ([@CIT0034]). In addition, the immediate constraint imposed by salinity is an osmotic stress. Plant responses to osmotic stress can occur immediately after the roots are exposed to salt, with the rate of shoot growth falling significantly ([@CIT0036]). The most dramatic and readily measurable whole-plant response to salinity is a decrease in the stomatal conductance, which is highly related to osmotic stress ([@CIT0036]). The short-term stomatal responses can reliably identify differences in osmotic stress tolerance in different varieties of durum wheat ([@CIT0043]). Because stomatal conductance is largely controlled by abscisic acid (ABA), changes in its concentration are often used to explain altered stomatal behavior and thus water loss in the leaf ([@CIT0061]). Maintaining water content is very important in tolerating high Na^+^ concentrations without suffering toxicity. Biochemical and genetic studies have suggested that 9-cis-epoxycarotenoid dioxygenase (NCED) is the key enzyme in the ABA biosynthetic pathway in plants ([@CIT0057]).

With the application of molecular techniques, several key genes mediating Na^+^ and K^+^ transport have been identified. These include the genes encoding the Na^+^/H^+^ antiporter (SOS1, [@CIT0056]), the high-affinity Na^+^/K^+^-permeable transporter (HKT, [@CIT0018]), the K^+^ efflux antiporter (KEA, [@CIT0073]), the K^+^ transporters (KT/HAK/KUP, [@CIT0045]), and the Na^+^:K^+^:Cl^--^ co-transporter (CCC, [@CIT0010]). SOS1 has been identified as a Na^+^/H^+^ antiporter localized in epidermal cells in the root apex, where it actively extrudes Na^*+*^ from the cytosol into the rhizosphere ([@CIT0056]). SOS1 also affects the partitioning of Na^+^ between plant organs ([@CIT0039]). HKT transporters can retrieve Na^+^ from the xylem and contribute to Na^+^ exclusion from leaves when expressed in the xylem parenchyma cells ([@CIT0072]).

Many *Cucurbita* species are vegetable crops that are cultivated and consumed all over the world. The annual production of all *Cucurbita* species reached 32.5 million tons in 2014 (<http://www.fao.org/faostat/en/#data/QC>). *Cucurbita maxima* and *C. moschata* are two of the three most economically important cultivated species ([@CIT0058]), and their economic values are increasing as they are also used as rootstocks for other cucurbit crops, including cucumber, watermelon, and melon, to enhance tolerance to soil-borne diseases and abiotic stresses ([@CIT0025]; [@CIT0058]). However, our understanding of salt-tolerance mechanisms in *Cucurbita* crops remains rather poor, with most studies focusing on shoot Na^+^ exclusion mechanisms when they are used as rootstocks ([@CIT0013]; [@CIT0019]; [@CIT0026]; [@CIT0037]). Our previous studies have shown that some *C. maxima* genotypes employ tissue tolerance to combat salinity, in contrast with *C. moschata* ([@CIT0068]; [@CIT0038]); however, the specific mechanism behind this remains elusive.

The aim of this work was to investigate the contribution of physiological and molecular mechanisms towards tissue tolerance to salinity in *Cucurbita*. This was done using a range of physiological (ion, ABA, gas exchange analysis), electrophysiological (the MIFE technique for non-invasive microelectrode ion flux measurements), microscopy (energy-dispersive X-ray microanalysis, SEM-EDX), and molecular (transcriptome, qRT-PCR) techniques. Our results suggest that the overall tissue tolerance to salinity in *Cucurbita* requires three concurrently operating mechanisms: (1) *HKT1*-mediated Na^+^ exclusion from the leaf mesophyll and *NHX4/6*-mediated Na^+^ sequestration in the leaf vein; (2) K^+^ retention in the leaf mesophyll; and (3) early ABA-induced stomatal closure.

Materials and methods {#s2}
=====================

Plant material and experimental protocols {#s3}
-----------------------------------------

Five *Cucurbita maxima* (R660, R655, R664, R686, and N12) and five *C. moschata* (L24, L13, N15, L6, and L14) genotypes contrasting in their salinity tolerance were grown under substrate culture (peat:perlite 2:1, v/v). All the genotypes are inbred lines constructed by our group. Plants were cultivated and salt treatments were applied as described by [@CIT0038]. Briefly, plants at the three true-leaf stage were treated with 150 mM NaCl and were harvested at day 15 of the salt treatment. Plant total dry weight and Na^+^ and K^+^ contents of the leaf mesophyll and all the leaf veins were measured, and the salt tolerance of each genotype was determined as the relative plant dry weight (dry weight under NaCl treatment divided by dry weight under control conditions, expressed as a percentage).

For physiological assessment of the effects of salinity, plants were cultivated in hydroponics as described by [@CIT0068]. At the three true-leaf stage, plants were treated with 100 mM NaCl. Leaf relative water content (RWC), ABA content, and gas exchange parameters were measured, and X-ray microanalysis of Na^+^ in the xylem parenchyma and cortex in leaf vein transverse sections were conducted.

To evaluate the contribution of osmotic effects to the salt tolerance, representative genotypes of *C. maxima* and *C. moschata* (N12 and N15, respectively) were grown hydroponically as described by [@CIT0068]. At the three true-leaf stage, plants were treated with either 100 mM NaCl or isotonic 170 mM sorbitol, while unstressed plants were used as controls. Leaf stomatal conductance (*g*~s~), transpiration rate (*T*~r~), net photosynthetic rate (*P*~n~), and RWC were measured after 4 h of treatment.

Non-invasive measurements of ion flux {#s4}
-------------------------------------

*Cucurbita* seeds were surface-sterilized with 1% HClO for 30 min and rinsed thoroughly with distilled water, and then incubated in the dark at 26 °C until germination. The germinated seeds were then directly grown hydroponically in aerated basic salt media (BSM) solution (0.5 mM KCl, 0.1 mM CaCl~2~, pH 5.7 non-buffered) in the dark at room temperature (24 °C). Six-day-old seedlings with primary roots 50--60 mm long were used for the experiments. For leaf mesophyll and leaf vein (primary vein) measurements, the plants were grown in 0.5-l plastic pots filled with peat moss, perlite, vermiculite, and coarse sand, at a ratio of 2:1:1:1 (v/v), and watered with half-strength Hoagland's nutrient solution ([@CIT0017]). Plants were grown in a growth room under a 16/8 h light/dark regime at 24 °C. The light intensity was 100 μmol mol^--2^ s^--1^. The second fully expanded leaves of plants at the four true-leaf stage were used for measurements. The leaf mesophyll was isolated as described by [@CIT0040]. Briefly, an appropriate leaf was excised, and the abaxial surface of the mesophyll was peeled off using very fine forceps. Leaf veins were prepared similarly and ion flux was measured at the cortex (see [Supplementary Fig. S1](#sup1){ref-type="supplementary-material"} at *JXB* online). For the leaf mesophyll, peeled leaves were cut into 5 × 7 mm segments and for the leaf vein; peeled veins were cut into 3-cm long segments. These segments were then left floating (peeled side down) on BSM solution in 100 × 15-mm Petri dishes overnight prior to measurements to allow recovery from potentially confounding effects of wounding.

Net fluxes of K^+^ and Na^+^ were measured using the non-invasive microelectrode ion flux (MIFE) measurement technique as described previously ([@CIT0011]; [@CIT0066]). For K^+^ flux measurements, the tips of the electrodes were front-filled with K^+^-selective cocktail (Sigma-Aldrich, catalog no. 99311). For Na^+^, recently developed calixarene-based microelectrodes with a superior Na^+^ selectivity were used ([@CIT0022]).

For K^+^ flux measurements, ready-to-measure samples were immobilized in the measuring chamber and preconditioned in BSM for 30 min. During the measurements, a computer-controlled stepper motor moved the electrodes in a slow (6 s) square-wave cycle between the two positions, close to (40 μm for root, 130 μm from leaf mesophyll and vein) and further away (120 μm for root, 210 μm for leaf mesophyll and vein) from the measuring point. Steady-state ion fluxes were then recorded over a period of 5 min. Then, samples were treated with 100 mM NaCl or isotonic 170 mM sorbitol and the kinetics of net K^+^ fluxes were recorded for a further 30 min.

For Na^+^ measurements, a so-called 'recovery protocol' ([@CIT0011]) was used to quantify the activity of the Na^+^ efflux system. The intact root, exposed leaf mesophyll, or isolated vein was treated with 100 mM NaCl for 24 h. The samples were then washed with 10 mM CaCl~2~ solution for 1 min to remove apoplastic Na^+^ and immobilized in the measuring chamber containing BSM solution. Measurements commenced 30 min after washing. By this time, all transient responses from the apoplast have ceased (see [@CIT0011], for supporting evidence), and the measured flux reflected the activity of the SOS1-mediated Na^+^ efflux system. Net Na^+^ flux was then measured over a 5--7 min interval.

Agronomical and physiological assessments {#s5}
-----------------------------------------

For plants treated with 150 mM NaCl and harvested at day 15 of the salt treatment, dry weight was quantified after drying samples at 70 °C for 3 d. For elemental analysis, dried samples of appropriate tissues were digested in 10 ml 98% H~2~SO~4~ and 3 ml 30% H~2~O~2~, and then Na^+^ and K^+^ contents were measured using atomic absorption spectrophotometer (Varian spectra AA 220; Varian, Palo Alto, CA, USA).

For plants treated with 100 mM NaCl at the three true-leaf stage, gas exchange parameters were measured using an open gas-exchange system (Li-6400, Li-Cor, Inc., Lincoln, NE, USA) at 4, 24, and 120 h after NaCl or sorbitol treatment. The second fully expanded leaf was selected for measurements. Stomatal conductance (*g*~s~), transpiration rate (*T*~r~), and net photosynthetic rate (*P*~n~) were determined between 09.00 h and 12.00h. During measurements, the leaf chamber was controlled to maintain the leaf temperature at 25 °C, CO~2~ concentration at 360 μmol mol^--1^, and photosynthetic photon-flux density at 800 μmol m^--2^ s^--1^. The leaf RWC was calculated as \[(fresh weight -- dry weight)/(fresh weight at full turgor -- dry weight)\] ×100%.

Quantification of Na^+^ in transverse sections of leaf veins by SEM-EDX {#s6}
-----------------------------------------------------------------------

Samples were prepared as described by [@CIT0026], with a minor modification. The primary lateral vein of the second fully expanded leaf from the top of the plant was cut at day 10 after NaCl treatment (100 mM). Segments were dipped into 5% agar, inserted to a depth of 1.0 cm in a copper holder, immediately frozen in liquid nitrogen, and then hand-cut with a razor blade to obtain transverse sections. The samples were vacuum freeze-dried, carbon-coated in a high-vacuum sputter coater, and then analysed using a Hitachi S-3400N SEM-EDX (scanning electron microscopy and energy-dispersive X-ray; JSM-6390/LV; Horiba Ltd., Kyoto, Japan). The probe measurements of the segments were taken with a broad electron beam to analyse the relative elemental levels within the xylem parenchyma and cortex. Map scans were conducted by focusing a beam on the corresponding cells. Three transverse sections were observed for each treatment, and two location points on the same tissue of each section were analysed. The relative amount of Na^+^ was expressed as a percentage of the total atomic number for six major elements (K, Na, Cl, S, Ca, and Mg).

Extraction and quantification of ABA {#s7}
------------------------------------

ABA content was measured in the second fully expanded leaf at 4, 24, and 120 h after NaCl treatment (100 mM at the three-leaf stage), following a previously described method ([@CIT0063]). Briefly, 0.5 g frozen root or leaf tissue was extracted in 4 ml of 80% methanol (v/v) containing 1 mM 2,6-di-*t*-butyl-*p*-cresol. The complete homogenate was incubated overnight in the dark at 4 °C. Following centrifugation (1000 *g* for 20 min), crude extract supernatants were filtered through a Sep-Pak C~18~ cartridge (Millipore, Milford, MA, USA) and dried under a N~2~ stream. Dried samples were suspended in 5 ml of elution buffer \[10% (v/v) methanol in 50 mM Tris (pH 8.1), 1 mM MgCl~2~, 150 mM NaCl\]. The samples were analysed using an immunoassay kit (China Agricultural University, Beijing, China) in accordance with the manufacturer's instructions.

Molecular analysis {#s8}
------------------

For transcriptome analysis, representative genotypes of *C. maxima* and *C. moschata* (N12 and N15, respectively) were selected and grown hydroponically as described by [@CIT0068]. The transcriptome responses of the leaf mesophyll and leaf veins were examined at 24 h after 100 mM NaCl treatment, using high-throughput RNA sequencing (RNA-seq). For quantitative real-time PCR (qRT-PCR) analysis, all 10 genotypes were used. The transcript levels of Na^+^ and K^+^ transporter genes (*HKT1*, *NHX4*, *NHX6*, *KUP6*, and *KEA6*), and the ABA synthesis gene *NCED3* were determined.

Total RNA was isolated using a TRIzol kit (Invitrogen, Carlsbad, CA, USA) with three biological replicates for each treatment. RNA concentration was measured using a Qubit® RNA Assay Kit in a Qubit® 2.0 Flurometer (Life Technologies, CA, USA). RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, CA, USA). Library construction and RNA-seq were conducted by Novogene Bioinformatics Institute (Beijing, China) on a HiSeq 4000 platform (Illumina, San Diego, CA, USA).

The clean data were obtained by removing low-quality reads from the raw data, and were mapped to the *Cucurbita maxima* (Rimu) and *Cucurbita moschata* (Rifu) genome assemblies ([@CIT0058]) using HISAT2 2.1.0 ([@CIT0024]). Fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) were calculated using featureCounts v1.6.0 ([@CIT0027]) to estimate gene expression levels. Differential expression analyses of RNA-seq between NaCl and control treatments, and between leaf vein and leaf mesophyll were performed using the DESeq2 package ([@CIT0030]). The resulting *P*-values were adjusted using the Benjamini and Hochberg approach for controlling the false discovery rate. Genes with padj\<0.05 and \|log~2~ fold-change\|\>1 were assigned as differentially expressed genes (DEGs). The identified DEGs were then subjected to GO (gene ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analyses using the GOseq R package and KOBAS 3.0 ([@CIT0067]), respectively. RNA-seq data were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under accession number PRJNA464060.

For qRT-PCR analysis, the PCR products were amplified using 1×Top Green qPCR SuperMix (TransGen Biotech, Inc., Beijing, China) in 10-μl qRT-PCR assays. The PCR was performed using an ABI 7000 (Applied Biosystems), and the cycling conditions consisted of denaturation at 94 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 5 s, annealing at 55 °C for 15 s, and extension at 72 °C for 15 s. The specific primers (listed in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}) were designed based on published mRNA of *C. maxima* and *C. moschata* on the Cucurbit Genomics Database (<http://cucurbitgenomics.org>) using the Primer 5 software. The relative gene expression levels (transcript abundance) were expressed as relative quantification values calculated using the 2^−ΔΔ*C*t^ method ([@CIT0029]). Actin was used as the internal reference gene. For each genotype, the relative gene expression was determined as the gene expression under NaCl (100 mM NaCl) divided by the gene expression under control conditions (0 mM NaCl).

Statistical analysis {#s9}
--------------------

Data were presented as means (±SE) of 3--6 biological replicates. Fisher's LSD test was used to evaluate significant differences between treatments at *P*≤0.05. Statistical analyses were performed using SAS version 8.0 (SAS Institute Inc., Cary, NC, USA).

Results {#s10}
=======

*C. maxima* uses a mechanism of tissue tolerance to salinity {#s11}
------------------------------------------------------------

Salinity stress decreased the plant dry weight of all genotypes in both species ([Fig. 1A](#F1){ref-type="fig"}) but to differing extents ([Fig. 1B](#F1){ref-type="fig"}). Overall, the relative dry weight (expressed as % of control) of salt-tolerant *C. maxima* was significantly higher than that of salt-sensitive *C. moschata* (78 ± 3% versus 51 ± 3%). At the same time, *C. maxima* accumulated more Na^+^ in the leaf vein, and also slightly more Na^+^ in the mesophyll compared with *C. moschata*, suggesting a typical tissue-tolerance mechanism ([Fig. 1C](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}). This was also supported by plant dry-weight measurements and leaf-vein Na^+^ accumulation after salt stress ([Supplementary Fig. S2A--C](#sup1){ref-type="supplementary-material"}).

![Plant dry weight (DW, A), relative plant DW (% of control) (B), Na^+^ and K^+^ contents in the leaf vein (C, D) and leaf mesophyll (E, F) for five *C. maxima* and five *C. moschata* genotypes grown in a substrate under 150 mM NaCl stress for 15 d. Values are means (±SE) (*n*=3). Different letters indicate significantly different values according to Fisher's LSD test (*P*≤0.05).](ery25101){#F1}

Compared with the leaf mesophyll, both species had higher Na^+^ contents in the leaf veins, especially in *C. maxima* ([Fig. 1C](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}). The mean Na^+^ contents in the leaf veins and mesophyll of the five genotypes of *C. maxima* were 6.0 mg g^--1^ DW and 1.6 mg g^--1^ DW, respectively, while the corresponding values for *C. moschata* were 1.0 mg g^--1^ DW and 0.5 mg g^--1^ DW. The mean K^+^ contents in the leaf mesophyll of the five genotypes of *C. maxima* were higher than in *C. moschata* (53 mg g^--1^ DW versus 36 mg g^--1^ DW, respectively; [Fig. 1F](#F1){ref-type="fig"}). This result was also supported by higher K^+^ accumulation in the leaf mesophyll under hydroponic growth conditions after salt stress ([Supplementary Fig. S2D](#sup1){ref-type="supplementary-material"}). The K^+^ content of leaf veins was also slightly higher in *C. maxima* ([Fig. 1D](#F1){ref-type="fig"}).

*C. maxima* can store more Na^+^ in the xylem parenchyma and cortex of the leaf vein than *C. moschata* {#s12}
-------------------------------------------------------------------------------------------------------

The relative Na^+^ contents in the xylem parenchyma and cortex of the leaf veins were investigated using SEM-EDX. The results showed that *C. maxima* accumulated more Na^+^ in both than *C. moschata* under NaCl stress ([Fig. 2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}). The relative Na^+^ content in the cortex of the leaf veins of *C. maxima* was 3.7-fold higher compared with *C. moschata* ([Fig. 2A](#F2){ref-type="fig"}).

![Relative Na^+^ content (A) measured by SEM-EDX (scanning electron microscopy and energy-dispersive X-ray microanalysis) in the xylem parenchyma and cortex in the leaf vein of plants of *C. maxima* (N12) and *C. moschata* (N15) grown hydroponically for 10 d under 100 mM NaCl treatment. Two representative images of the cortex Na^+^ distribution in the leaf vein from map-scanning are shown in (B). Values are means (±SE) (*n*=3). Different letters indicate significantly different values according to Fisher's LSD test (*P*≤0.05).](ery25102){#F2}

*C. maxima* has higher K^+^ retention in roots and leaf tissues that does not rely on Na^+^ exclusion from roots {#s13}
----------------------------------------------------------------------------------------------------------------

The MIFE technique was used to quantify the differences in K^+^ retention and Na^+^ exclusion between *C. maxima* and *C. moschata* plants. The results showed that transient NaCl stress led to a massive K^+^ efflux from the leaf mesophyll ([Fig. 3A](#F3){ref-type="fig"}), leaf vein ([Fig. 3B](#F3){ref-type="fig"}), and root epidermis ([Fig. 3C](#F3){ref-type="fig"}). However, the extent of K^+^ loss was significantly smaller in *C. maxima* than in *C. moschata*, indicating higher tissue tolerance in the latter species. This effect was specific for NaCl and was not observed in response to isotonic sorbitol treatment; when the leaf mesophyll was treated with isotonic sorbitol, net K^+^ influx was observed and was more pronounced in *C. maxima* ([Fig. 3D](#F3){ref-type="fig"}).

![Transient net K^+^ flux measured from the leaf mesophyll (A), leaf veins (B), and roots (C) of plants of *C. maxima* (N12) and *C. moschata* (N15) in response to treatment with 100 mM NaCl. (D) Net K^+^ flux measured from the leaf mesophyll in response to treatment with isotonic 170 mM sorbitol. (E) Net Na^+^ flux from root epidermis, leaf mesophyll, and leaf veins of salt-stressed plants (100 mM NaCl for 24 h) measured 25 min after their transfer to Na-free solution. The measuring points for the Na^+^ and K^+^ fluxes are shown in (F). Values are means (±SE) (*n*=6). Different letters indicate significantly different values according to Fisher's LSD test (*P*≤0.05). The sign convention for all the flux measurements is 'efflux negative'.](ery25103){#F3}

To quantify the role of SOS1-mediated root Na^+^ exclusion, the so-called 'recovery protocol' was used ([@CIT0011]). When plants were transferred to Na^+^-free BSM solution, net Na^+^ efflux was greater in *C. moschata* than in *C. maxima*, from both the root epidermis and the leaf vein tissue, while no significant difference was observed in the leaf mesophyll ([Fig. 3E](#F3){ref-type="fig"}). The specific locations of the measuring points on the roots, leaf mesophyll and veins are shown in [Fig. 3F](#F3){ref-type="fig"}. Overall, the results indicated that the better performance of *C. maxima* under saline conditions was not related to superior exclusion of Na^+^ from uptake.

*C. maxima* maintains higher leaf water content due to rapid ABA accumulation inducing early stomatal closure under NaCl stress {#s14}
-------------------------------------------------------------------------------------------------------------------------------

Stomatal conductance (*g*), transpiration rate (*T*~r~), and net photosynthetic rate (*P*~n~) ([Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}) were significantly reduced in *C. maxima* 24 h after application of NaCl stress, while the relatives value in *C. moschata* were much higher ([Fig. 4A](#F4){ref-type="fig"}, [C](#F4){ref-type="fig"}, [E](#F4){ref-type="fig"}). After 120 h of NaCl treatment, however, the relative values of *g*~s~, *T*~r~, and *P*~n~ were significantly higher in *C. maxima* than in *C. moschata* ([Fig. 4B](#F4){ref-type="fig"}, [D](#F4){ref-type="fig"}, [F](#F4){ref-type="fig"}; [Supplementary Fig. S3](#sup1){ref-type="supplementary-material"}). These findings indicated that *C. maxima* closed its stomata at an early stage of the salt treatment and re-opened them at a later stage. Observations of stomatal apertures by SEM at 4 h after NaCl stress also supported this ([Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}). As a result, *C. maxima* could maintain higher leaf RWC than *C. moschata* ([Fig. 4G](#F4){ref-type="fig"}, [H](#F4){ref-type="fig"}; [Supplementary Fig. S](#sup1){ref-type="supplementary-material"}).

![Relative values (NaCl/Control) for (A, B) leaf stomatal conductance (*g*~s~), (C, D) transpiration rate (*T*~r~), (E, F) net photosynthetic rate (*P*~n~), and (G, H) relative water content (RWC) for five *C. maxima* and five *C. moschata* genotypes grown hydroponically for either 24 h or 120 h under 100 mM NaCl treatment. Values are means (±SE) (*n*=4). Different letters indicate significantly different values according to Fisher's LSD test (*P*≤0.05).](ery25104){#F4}

To determine why the stomata closed so quickly, ABA concentrations were measured in the leaves ([Fig. 5](#F5){ref-type="fig"}). The concentrations in *C. maxima* were significantly higher than those of *C. moschata* at 4 h and 24 h of NaCl stress ([Fig. 5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}). However, no consistent trend between the two species was observed at 120 h of treatment ([Fig. 5C](#F5){ref-type="fig"}).

![Leaf ABA concentrations for five *C. maxima* and five *C. moschata* genotypes grown hydroponically for 4 h (A), 24 h (B), or 120 h (C) under 100 mM NaCl treatment. Values are means (±SE) (*n*=4). Different letters indicate significantly different values between genotypes under control and NaCl stress (*P*≤0.05) according to Fisher's LSD test.](ery25105){#F5}

Rapid stomatal closure in *C. maxima* is mainly due to the osmotic component of salinity stress {#s15}
-----------------------------------------------------------------------------------------------

To distinguish whether the rapid NaCl-induced stomatal closure in *C. maxima* was due to the ionic or osmotic component of salt stress, experiments using isotonic sorbitol treatments were conducted. The results showed that *C. maxima* had lower *g*~s~, *T*~r~, and *P*~n~ but higher leaf RWC compared with *C. moschata* after being exposed to either NaCl or isotonic sorbitol for 4 h ([Fig. 6](#F6){ref-type="fig"}). These results suggested that the rapid stomatal closure observed in *C. maxima* could be mainly attributed to the osmotic component of the salt stress.

![(A) Leaf stomatal conductance (*g*~s~), (B) transpiration rate (*T*~r~), (C) net photosynthetic rate (*P*~n~), and (D) relative water content (RWC) of *C. maxima* (N12) and *C. moschata* (N15) treated with NaCl (100 mM) or isotonic sorbitol (170 mM) solutions for 4 h. Values are means (±SE) (*n*=5). Different letters indicate significantly different values according to Fisher's LSD test (*P*≤0.05).](ery25106){#F6}

Transcriptome and qRT-PCR analysis reveals the molecular mechanism involved in tissue salt tolerance in *C. maxima* {#s16}
-------------------------------------------------------------------------------------------------------------------

To obtain further insights into the molecular mechanism of tissue tolerance to salinity in *Cucurbita*, the transcriptomic profiles between NaCl treatment and controls ([Supplementary Tables S2--5](#sup2){ref-type="supplementary-material"}) and between the leaf veins and leaf mesophyll ([Supplementary Tables S6--9](#sup3){ref-type="supplementary-material"}) were characterized. In *C. maxima* exposed to salinity, a total of 1693 (672 up, 1021 down) and 2556 (1168 up, 1388 down) DEGs were identified in the leaf mesophyll and leaf veins, respectively. The corresponding values for *C. moschata* were 2901 (1244 up, 1657 down) and 4797 (2406 up, 2391 down) ([Fig. 7A](#F7){ref-type="fig"}) suggesting that *C. moschata* was more sensitive to salinity than *C. maxima* at the transcriptome level. Meanwhile, a total of 2801 (2128 up, 673 down) and 3779 (2627 up, 1152 down) DEGs were identified in the leaf veins of *C. maxima* under control conditions and NaCl stress, respectively, compared with leaf mesophyll. The corresponding values for *C. moschata* were 3118 (1848 up, 1270 down) and 3463 (2289 up, 1174 down) ([Fig. 7B](#F7){ref-type="fig"}). These DEGs were further used for analyses of GO terms ([Supplementary Tables S10--17](#sup3){ref-type="supplementary-material"}) and the KEGG pathway ([Supplementary Tables S18, 19](#sup3){ref-type="supplementary-material"}).

![(A) Number of differentially expressed genes (DEGs) in the leaf mesophyll and leaf veins of *C. maxima* (N12) and *C. moschata* (N15) in response to 100 mM NaCl treatment for 24 h. (B) Number of DEGs of leaf veins compared with leaf mesophyll under control and NaCl conditions in *C. maxima* (N12) and *C. moschata* (N15).](ery25107){#F7}

A range of genes directly involved in Na^+^ and K^+^ transport and in ABA synthesis in the leaf mesophyll and leaf veins were significantly affected by salt stress in the two species examined in detail ([Table 1](#T1){ref-type="table"}). Salinity significantly increased the expression of *HKT1* (CmaCh10G003540) and *NHX6* (CmaCh13G003240) in the leaf veins of *C. maxima* but not in *C. moschata*. Meanwhile, salinity significantly decreased the expression of *NHX4* (CmoCh01G011470) in the leaf veins of *C. moschata* but not in *C. maxima*. Salinity also increased the expression of *NCED3*s (encoding 9-cis--epoxycarotenoid dioxygenase) in the leaf mesophyll in both species; however, more had increased expression in *C. maxima* (three DEGs, namely CmaCh16G004600, CmaCh04G006430, and CmaCh07G001000, compared with two DEGS in *C. moschata*, namely CmoCh04G006910 and CmoCh16G004950). qRT-PCR analysis was used to determine the expression of *NCED3*s in the leaf mesophyll ([Fig. 8A](#F8){ref-type="fig"}), and this corresponded to the more rapid ABA signaling that was observed ([Fig. 5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}). In addition, expression of *HKT1* ([Fig. 8B](#F8){ref-type="fig"}), *NHX6* ([Fig. 8D](#F8){ref-type="fig"}), and *NHX4* ([Fig. 8F](#F8){ref-type="fig"}) in the leaf veins was significantly higher in *C. maxima* than *C. moschata*, explaining the better tissue tolerance to salinity in the former. No consistent trend was observed for the expression of *KUP6* ([Fig. 8C](#F8){ref-type="fig"}) and *KEA6* ([Fig. 8E](#F8){ref-type="fig"}) in the leaf mesophyll, indicating that K^+^ retention rather than uptake may be a critical determinant of the differential K^+^ content observed in this tissue in both species ([Fig. 1F](#F1){ref-type="fig"}; [Supplementary Fig. S2D](#sup1){ref-type="supplementary-material"}).

###### 

Significant differentially expressed genes (DEGs; padj\<0.05, \|log~2~ fold-change\|\>1) involved in Na^+^ and K^+^ transport, and ABA synthesis in the transcriptome of *C. maxima* (N12) and *C. moschata* (N15) under NaCl stress (100 mM) compared with control conditions (0 mM NaCl)

  ID                                Log~2~ fold-change   Annotation                                              Arabidopsis homolog
  --------------------------------- -------------------- ------------------------------------------------------- ----------------------------------
  Leaf mesophyll of *C. maxima*                                                                                  
  CmaCh01G011010                    --1.78               Sodium/hydrogen exchanger                               At5g55470/*NHX4*
  CmaCh04G010720                    --1.07               Potassium transporter                                   At2g40540/*KUP2*
  CmaCh11G014180                    1.10                 Potassium transporter                                   At1g70300/*KUP6*
  CmaCh12G006360                    --1.19               Glutathione-regulated potassium-efflux system protein   At5g11800/*KEA6*
  CmaCh16G004600                    2.75                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  CmaCh04G006430                    2.51                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  CmaCh07G001000                    1.80                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  Leaf mesophyll of *C. moschata*                                                                                
  CmoCh01G011470                    --1.29               Sodium/hydrogen exchanger                               At5g55470/*NHX4*
  CmoCh01G007100                    --1.66               Potassium transporter                                   At2g30070/*KUP1*
  CmoCh11G017020                    1.17                 Potassium transporter                                   At1g70300/*KUP6*
  CmoCh12G005760                    --1.78               Glutathione-regulated potassium-efflux system protein   At5g11800/*KEA6*
  CmoCh18G005760                    2.21                 Outward rectifying potassium channel protein            At5g55630/*TPK1*
  CmoCh04G006910                    4.21                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  CmoCh16G004950                    1.26                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  Leaf vein of *C. maxima*                                                                                       
  CmaCh10G003540                    1.02                 Membrane Na^+^ transporter                              At4g10310/*HKT1*
  CmaCh13G003240                    1.12                 Sodium/hydrogen exchanger                               At1g79610/*NHX6*
  CmaCh11G014180                    1.41                 Potassium transporter                                   At1g70300/*KUP6*
  CmaCh12G006360                    --1.57               Glutathione-regulated potassium-efflux system protein   At5g11800/*KEA6*
  CmaCh18G004630                    1.79                 Potassium channel                                       At5g46240/*KAT1*
  CmaCh03G014040                    1.36                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  Leaf vein of *C. moschata*                                                                                     
  CmoCh01G011470                    --2.04               Sodium/hydrogen exchanger                               At5g55470/*NHX4*
  CmoCh01G007100                    --2.19               Potassium transporter                                   At2g30070/*KUP1*
  CmoCh06G011200                    --1.19               Glutathione-regulated potassium-efflux system protein   At4g00630/*KEA2*
  CmoCh11G014470                    --1.25               Glutathione-regulated potassium-efflux system protein   At4g04850/*KEA3*
  CmoCh12G005760                    --1.81               Glutathione-regulated potassium-efflux system protein   At5g11800/*KEA6*
  CmoCh18G005760                    1.47                 Outward rectifying potassium channel protein            At5g55630/*TPK1*
  CmoCh04G005660                    --1.25               Potassium voltage-gated channel subfamily H             At4g22200/*AKT2*
  CmoCh16G004130                    --1.21               Potassium voltage-gated channel subfamily H member      At4g22200/*AKT2*
  CmoCh04G001080                    --1.15               Potassium transporter                                   At3g56290/unchracterized protein
  CmoCh03G013970                    --1.96               9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  CmoCh04G006910                    4.34                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  CmoCh07G001020                    2.46                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*
  CmoCh16G004950                    1.81                 9-cis-epoxycarotenoid dioxygenase                       At3g14440/*NCED3*

![Relative expression of *NCED3* (A), *KUP6* (C), and *KEA6* (E) in the leaf mesophyll, and *HKT1* (B), *NHX6* (D), and *NHX4* (F) in the leaf veins of *C. maxima* and *C. moschata* genotypes grown hydroponically for 24 h under 100 mM NaCl stress. Values are means (±SE) (*n*=4). Different letters indicate significantly different values according to Fisher's LSD test (*P*≤0.05).](ery25108){#F8}

Discussion {#s17}
==========

The tissue-tolerance mechanism is essential for salinity tolerance in *Cucurbita* {#s18}
---------------------------------------------------------------------------------

Many studies have suggested that excessive Na^+^ accumulation in the shoot leads to serious damage and eventual death ([@CIT0036]). Our previous research found that some genotypes in *Cucurbita maxima* and *C. moschata* exhibited different Na^+^ accumulation patterns, with *C. maxima* accumulating more Na^+^ in the shoot ([@CIT0068]; [@CIT0038]). These findings have been further supported in this study following a comprehensive analysis of 10 *Cucurbita* genotypes. Despite having a much higher leaf Na^+^ content ([Fig. 1C](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}; [Supplementary Fig. S2C](#sup1){ref-type="supplementary-material"}), *C. maxima* clearly outperformed *C. moschata* when grown under saline conditions ([Fig. 1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"}; [Supplementary Fig. S2A, B](#sup1){ref-type="supplementary-material"}). Plants of *C. maxima* also showed smaller increase in malonaldehyde (MDA) content (indicative of oxidative damage to membranes induced by NaCl), had lower H~2~O~2~ concentrations, and were able to maintain more optimal values for the maximum quantum yield of PSII (*F*~v~/*F*~m~) and the quantum efficiency of electron transfer at PSII (ΦPSII) ([Supplementary Fig. S5](#sup1){ref-type="supplementary-material"}). These findings suggest that the tissue-tolerance mechanism is essential for salinity tolerance in *Cucurbita*.

Na^+^ accumulation in the leaf vein facilitates Na^+^ exclusion from the leaf mesophyll {#s19}
---------------------------------------------------------------------------------------

As a major toxic ion, Na^+^ moves sequentially from the roots to the shoot, along the leaf petiole, and then spreads via the veins throughout the leaf. In this study, the Na^+^ content in the leaf vein was clearly higher than in the leaf mesophyll in both species ([Fig. 1C](#F1){ref-type="fig"}, [E](#F1){ref-type="fig"}), indicating that the strategy of restricting Na^+^ in leaf vein is commonly adopted by *Cucurbita*. The ability to restrict Na^+^ to the veins differed between *C. maxima* and *C. moschata*, with the former having a substantially higher content than the latter ([Fig. 1C](#F1){ref-type="fig"}; [Supplementary Fig. S2C](#sup1){ref-type="supplementary-material"}), suggesting an important role of the leaf vein for storage of excessive salt loads. A similar phenomenon has been observed in leaves of banana, in which marginal veins display considerable resistance to Na^+^ flow from the xylem to the adjacent mesophyll ([@CIT0055]). Other species such as rice have also been shown to adopt a similar strategy, depositing salt in the leaf sheath ([@CIT0023]). This ability to restrict Na^+^ transport to the photosynthetic tissues is known to be an important adaptation to salinity stress ([@CIT0036]).

HKT1 in the leaf vein mediates Na^+^ exclusion from the mesophyll {#s20}
-----------------------------------------------------------------

Higher Na^+^ levels were found in the leaf veins than in the cortex and xylem parenchyma of the salt-tolerant *C. maxima* compared with the salt-sensitive *C. moschata* ([Fig. 2A](#F2){ref-type="fig"}, [B](#F2){ref-type="fig"}). Plant cortical cells have greater ion storage potential because they are more highly vacuolated than other cell types ([@CIT0033]). Moreover, xylem parenchyma has been reported to serve as a storage location for excess Na^+^ retrieved from the xylem vessels ([@CIT0059]; [@CIT0002]; [@CIT0028]). This Na^+^ retrieval process from the xylem vessels is mediated by HKT1, which is localized in xylem parenchyma cells and has been well studied in Arabidopsis, rice, and wheat ([@CIT0018]). A salinity-tolerant *japonica* rice cultivar was shown to have a Na^+^ exclusion mechanism in the leaf sheaths through the function of the Na^+^ transporter OsHKT1;4 under salinity stress ([@CIT0065]). It has also been also reported that *ZmHKT1* promotes leaf Na^+^ exclusion and salt tolerance by withdrawing Na^+^ from the xylem sap in maize ([@CIT0072]). In our study, higher Na^+^ accumulation in the xylem parenchyma of leaf veins in *C. maxima* was accompanied by higher expression of *HKT1* as determined in transcriptome and qRT-PCR experiments, suggesting a possible causal link between these two phenomena. In fact, both species had significantly higher *HKT1* expression in the leaf veins compared with the leaf mesophyll under NaCl stress ([Supplementary Table S20](#sup3){ref-type="supplementary-material"}), suggesting that leaf veins are essential for Na^+^ exclusion from the mesophyll.

Vacuolar and endosomal compartments may play an important role in Na^+^ storage in the leaf veins of *C. maxima* {#s21}
----------------------------------------------------------------------------------------------------------------

Intracellular Na^+^/H^+^ antiporters (NHXs) play important roles in many physiological processes, including cellular Na^+^ and K^+^ homeostasis in plants ([@CIT0006]). NHXs are integral membrane proteins residing in the vacuoles (NHX1--4), endosomal compartments (NHX5, 6), and in the plasma membrane (NHX7/SOS1) ([@CIT0007]). Salinity significantly decreased the expression of *NHX4* in the leaf veins of *C. moschata* ([Table 1](#T1){ref-type="table"}, [Fig. 8F](#F8){ref-type="fig"}), but not in *C. maxima* ([Fig. 8F](#F8){ref-type="fig"}). Furthermore, the expression of *NHX4* was significantly higher in the leaf veins compared with the mesophyll under NaCl stress in *C. maxima* ([Supplementary Table S20](#sup3){ref-type="supplementary-material"}), suggesting that NHX4 may have been essential for the vacuolar sequestration of Na^+^. In addition, salinity significantly increased the expression of *NHX6* in the leaf veins of *C. maxima* but not in *C. moschata* ([Table 1](#T1){ref-type="table"}, [Fig. 8D](#F8){ref-type="fig"}). Moreover, DEGs related to the membrane were significantly enriched between the leaf veins and the mesophyll under NaCl stress in GO terms, including intrinsic component of membrane (GO: 0031224), integral component of membrane (GO: 0016021), membrane part (GO: 0044425), transporter activity (GO: 0005215), and transmembrane transporter activity (GO: 0022857) ([Supplementary Table S15](#sup3){ref-type="supplementary-material"}). These results suggested that the vacuolar and endosomal compartments may play an important role in Na^+^ storage in the leaf veins of *C. maxima*.

Interestingly, higher Na^+^ efflux from roots and leaf veins in response to NaCl was observed in *C. moschata* than in *C. maxima* ([Fig. 3E](#F3){ref-type="fig"}). In addition, using amiloride (a Na^+^/H^+^ antiporter inhibitor) as a pharmacological probe, we found that Na^+^ efflux from the roots of *C. moschata* and *C. maxima* decreased sharply ([Supplementary Fig. S6](#sup3){ref-type="supplementary-material"}), demonstrating that higher Na^+^ efflux in *C. moschata* could be mediated by higher activity of plasma-membrane Na^+^/H^+^ antiporters ([@CIT0011]). However, SOS1, as an important component of Na^+^ efflux in the plasma membrane, may be regulated at the post-transcriptional and translational levels, as no significant differences were observed in the expression of *SOS1* under NaCl stress in either species ([Table 1](#T1){ref-type="table"}). Plants can save energy through a Na^+^ inclusion strategy, if the Na^+^ can be stored in an appropriate place such that it can reduce the amount of metabolic energy required for osmotic adjustment.

The importance of leaf mesophyll K^+^ retention in the tissue tolerance of *Cucurbita* to salt {#s22}
----------------------------------------------------------------------------------------------

As one of the essential macronutrients, K plays important roles in many fundamental physiological processes in plant cells, including osmoregulation, enzyme activation, and ion homeostasis ([@CIT0064]). It is also essential as a counter-ion for the charge balance of ion transport across the plasma- and intra-organelle membranes ([@CIT0048]). Therefore, a sufficient K supply is not only required for optimal plant growth and development, but also for plant stress tolerance. Under conditions of salt stress, membrane depolarization enables K^+^ efflux via outward-rectifying depolarization-activated K^+^ channels, shifting the overall K^+^ flux balance toward net efflux ([@CIT0052]). Therefore, higher K^+^ retention is essential for plant function under saline conditions. An enhanced K^+^ retention and the ability of cells to maintain cytosolic K^+^ homeostasis correlate with salinity tolerance in a broad range of plant species ([@CIT0070]; [@CIT0066]; [@CIT0009]; [@CIT0040]; [@CIT0050]). Our study also demonstrated that the higher salt tolerance of *C. maxima* was related to higher K^+^ retention, especially in the leaf mesophyll ([Figs 1F](#F1){ref-type="fig"}, [3A](#F3){ref-type="fig"}; [Supplementary Fig. S2D](#sup1){ref-type="supplementary-material"}). Interestingly, no consistent trends between the patterns of expression of the high-affinity K^+^ transporters *KUP6* and *KEA6* and the differential tolerance to salinity stress was found between the two species ([Fig. 8C](#F8){ref-type="fig"}, [E](#F8){ref-type="fig"}). This indicated that control of K^+^ leakage from the cell (mediated by either depolarization-activated GORK or ROS-activated NSCC channels; [@CIT0053]) but rather than K^+^ uptake may be a critical determinant of the differential K^+^ contents in the leaf mesophyll tissue in the two species.

The ionic and osmotic components of salt stress had different impacts on the plant K^+^ relations. NaCl stress induced a massive K^+^ efflux, while sorbitol treatment induced a K^+^ influx ([Fig. 3D](#F3){ref-type="fig"}). A similar result was found previously in bean mesophyll tissue by [@CIT0047]. The pattern of NaCl-induced fluxes of K^+^ differed from that caused by isotonic sorbitol in the leaf mesophyll, suggesting that they were mainly the result of ion-specific effects. In our study, lower H~2~O~2~ concentration and lipid peroxidation were observed in *C. maxima* ([Supplementary Fig. S5C, D](#sup1){ref-type="supplementary-material"}), probably due to the higher K^+^ retention and accumulation, since K^+^ is essential for preventing salinity-induced programmed cell death ([@CIT0049]; [@CIT0012]). In addition, salt-tolerant tissues have the ability to compartmentalize most of the Na^+^ within the vacuoles, rather than having any special tolerance of enzymes to high Na^+^ in the cytoplasm. The osmotic pressure in the cytoplasm would be balanced by K^+^ and organic solutes ([@CIT0035]).

ABA accumulation regulated by NCED3 induces rapid stomatal closure and is an important component of tissue tolerance to salt in *Cucurbita* {#s23}
-------------------------------------------------------------------------------------------------------------------------------------------

In aerial plant tissues, maintaining proper water status requires the co-ordination of growth with the rate of water loss due to evapotranspiration and the water availability to the roots ([@CIT0061]). Water stress in roots triggers a series of adjustments to plant physiology, including stomatal closure to limit evapotranspiration ([@CIT0069]). These adjustments depend on the accumulation of ABA, a sesquiterpenoid plant hormone that has long been recognized as a key player in plant abiotic stress responses ([@CIT0069]). Induced ABA accumulation early in osmotic stress can rapidly promote stomatal closure ([@CIT0031]), which can quickly reduce the transpiration rate and hence help plants to avoid water loss and maintain their water status. We also recently found that salinity tolerance of grafted cucumber was conferred by early stomatal closure ([@CIT0037]).

In this current study, rapid production of ABA was found in the leaves, resulting from the osmotic stress caused by salinity, which was consistent with a sharp decrease in stomatal conductance and transpiration at 4 h after NaCl treatment ([Figs. 5A](#F5){ref-type="fig"}, [6A](#F6){ref-type="fig"}, [B](#F6){ref-type="fig"}; [Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}). The increase in ABA content and decrease in the gas-exchange parameters were greater in *C. maxima*, indicating that the quick stomatal closure was indeed regulated by the rapid ABA accumulation. As a result, the water status of *C. maxima* was improved compared with *C. moschata* ([Fig. 4G](#F4){ref-type="fig"}, [H](#F4){ref-type="fig"}).

Increases in ABA abundance in stressed tissues have been linked with the expression of one or more of the ABA biosynthetic genes, in particular the gene(s) encoding the 9-cis-epoxycarotenoid dioxygenase (NCED) enzyme ([@CIT0057]). A major role of NCED3 in ABA production in response to stress has been reported in several studies ([@CIT0016]; [@CIT0060]). In our study, higher ABA accumulation in the leaves of *C. maxima* could be attributed to the higher expression of *NCED3*s in the leaf mesophyll compared with the leaf veins under NaCl stress ([Table 1](#T1){ref-type="table"}; [Supplementary Table S20](#sup3){ref-type="supplementary-material"}). Recently, [@CIT0032] showed that the mesophyll cells are the main site of abscisic acid biosynthesis in water-stressed leaves.

Compared with *C. moschata*, *C. maxima* had a reduced photosynthetic rate during the early stage (24 h) of salt stress ([Supplementary Fig. S3E](#sup1){ref-type="supplementary-material"}); however, an obvious recovery in photosynthesis was observed in *C. maxima* from 120 h after salt stress ([Supplementary Fig. S3F](#sup1){ref-type="supplementary-material"}). In fact, the maximum quantum yield of PSII (*F*~v~/*F*~m~) and the quantum efficiency of electron transfer at PSII (ΦPSII) of *C. maxima* were significantly higher than those in *C. moschata* at day 10 after salt stress ([Supplementary Fig. S5E--G](#sup1){ref-type="supplementary-material"}). Thus, at later stages, *C. maxima* accumulated more biomass when compared with *C. moschata*.

Conclusions {#s24}
===========

The results reported here demonstrate that *C. maxima* relies on the tissue-tolerance mechanism to combat salinity, while *C. moschata* species follow a salt-excluding strategy. Three complementary physiological traits confer the tissue-tolerance mechanism ([Fig. 9](#F9){ref-type="fig"}). First, *C. maxima* species employ HKT1 to exclude Na^+^ from the leaf mesophyll and to keep it in the vein, where it is sequestered by NHX4/6. This allows the maintenance of Na^+^ homeostasis in the leaf mesophyll and veins, and also allows Na^+^ to be used as an energy-cheap osmoticum, thus reducing the cost of osmotic adjustment associated with accumulation of organic solutes. Second, NaCl stress induces a reduced K^+^ efflux from the roots and mesophyll of *C. maxima*. As a result, *C. maxima* plants retain more K^+^ in the leaf mesophyll and can maintain a normal level of cell metabolism. Third, NaCl stress induces a rapid accumulation of ABA in the leaves of *C. maxima* that is regulated by *NCED3*, leading to quick stomatal closure and thus avoiding excess water loss.

![A simplified model depicting the tissue-tolerance mechanism to salinity of *C. maxima* as compared with *C. moschata*.](ery25109){#F9}
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Supplementary data are available at *JXB* online.
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Fig. S2. Plant dry weight (DW), relative DW, Na^+^ content in the leaf veins, and K^+^ content in the leaf mesophyll of *C. maxima* and *C. moschata* genotypes grown hydroponically under NaCl stress.

Fig. S3. Leaf stomatal conductance, transpiration rate, net photosynthetic rate, and relative water content of *C. maxima* and *C. moschata* genotypes grown hydroponically under NaCl stress.

Fig. S4. Images of leaf stomatal apertures for *C. maxima* (N12) and *C. moschata* (N15) grown hydroponically under NaCl stress.

Fig. S5. Growth, concentrations of leaf H~2~O~2~, and malonaldehyde, maximum quantum yield of PSII, and quantum efficiency of electron transfer of PSII for *C. maxima* (N12) and *C. moschata* (N15) grown hydroponically under control and NaCl stress conditions.
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